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m . ABSTRACT 

After briefly reviewing the present limits on neutrino masses, I summarize the cos- 
mological and astrophysical hints from dark matter, solar and atmospheric neutrino 
observations that suggest neutrinos to be massive. I then focus on other possible 
manifestations of the neutrino sector at the laboratory, in particular lepton flavour 
violating decays such as /i — 67, /i 3e, T evr*^, r — 67, as well as two- 
body decays with the emission of a superweakly interacting spin zero particle, called 
majoron, e.g. in /i — >■ e -|- J, r ^ i -\- J {^ = /i). All of these decays may oc- 
cur at levels consistent with present or planned sensitivities, without violating any 
' experimental data. In our examples, the underlying physics may be probed also at 

I LEP, through related processes, e.g. Z — >■ N^- or Z — >■ ;\;r, where Nj- denotes 

a neutral heavy lepton, while X denotes the lightest chargino. Another possible, 
\ albeit quite indirect, manifestation of massive neutrinos is in Higgs physics. As an 

■ example I discuss the possibility of invisibly decaying Higgs, a quite generic feature 

of majoron models where the lepton number is spontaneously violated close to the 
^ • electroweak scale. I give the present limits from LEPl, as well as the LEP2 expec- 

tations. I stress that LEPl could certainly have missed the Higgs boson in these 
models, thus reopening the possibility that baryogenesis may be just an electroweak 



(— I , phenomenon. 

1. Neutrino Masses: Limits and Hints 



X 



No solid theoretical principle precludes neutrinos from having mass. In fact, 
most attractive extensions of the standard model require neutrinos to be massive fTj]. 
However, theory is not capable of predicting the scale of neutrino masses any better 
than it can fix the masses of the other quarks and charged leptons, say the muon. 

There are several limits on neutrino masses that follow from observation. The 
laboratory bounds may be summarized as 

m,, <9.3eV, m,^ < 270 keV, m,^ < 31 MeV (1) 

These limits follow purely from kinematics and have therefore the great advantage 
that they are the most model-independent of the neutrino mass limits. Note that the 
limit on the z/,- mass may be substantially improved at a tau factory In addition, 
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Figure 1: Neutrino exchange mechanism for /3/3q^ decay. 

there are hmits on neutrino masses that follow from the nonobservation of neutrino 
oscillations. I address you to ref. [^] for a detailed discussion and compilation. 
As opposed to the limits in eq. (|l|) neutrino oscillation limits are correlated ones, 
involving neutrino mass differences versus mixing. Thus they rely on the additional 
assumption, although quite natural in gauge theories, that massive neutrinos do mix. 

Apart from the above limits, there is an important one derived from the non- 
observation of the /S/Sqj, nuclear decay process i.e. the process by which nucleus 
{A, Z — 2) decays to {A, Z) + 2 e~. This lepton number violating process would arise 
via neutrino exchange, as shown in Fig. (|I|). Although highly favoured by phase 
space over the usual 2i/ mode, the neutrinoless process proceeds only if the virtual 
neutrino is a Majorana particle. The decay amplitude is proportional to 

{m) = KeaTUa (2) 
a 

where a runs over the light neutrinos. The non-observation of (3(3^^^ in "^^Ge and other 
nuclei leads to the limit 

{m) <l-2eV (3) 

depending on nuclear matrix elements 0. Even better sensitivity is expected from 
the upcoming enriched germanium experiments [Q. Although rather stringent, the 
limit in eq. (|^) is rather model-dependent, and does not apply when total lepton 
number is an unbroken symmetry, as is the case for Dirac neutrinos. Even if all 
neutrinos are Majorana particles, (m) may differ substantially from the true neutrino 
masses relevant for kinematical studies, since in eq. (|^) the contributions of 
different neutrino types may interfere destructively, similarly to what happens in the 
simplest Dirac neutrino case, where the lepton number symmetry enforces that (m) 
automatically vanishes [0]. 

The /3/3oi/ decay process may also be engendered through the exchange of 
scalar bosons, as illustrated in Fig. (0). A simple but essentially rigorous proof |^ 
shows that, in a gauge theory, whatever the origin of {313^^ is, it requires neutrinos to 
be Majorana particles, as illustrated in Fig. (^. Indeed, any generic "black box" 
mechanism inducing neutrinoless double beta decay can be closed, by W exchange. 
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Figure 2: Scalar exchange mechanism for PPq^ decay. 



Figure 3: PPo^, decay and Major ana neutrinos. 
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so as to produce a diagram generating a nonzero Majorana neutrino mass, so the 
relevant neutrino will, at some level, be a Majorana particle [§]. 

Gauge theories may lead to new varieties of neutrinoless double beta decay 
involving the emission of light scalars, such as the majoron 

{A, Z-2)^{A,Z) + 2e~ + J. (4) 

The emission of such weakly interacting light scalars would only be detected through 
their effect on the j3 spectrum. 

The simplest model leading to sizeable majoron emission in decays involv- 



ing an isotriplet majoron ||I0[ leads to a new invisible decay mode for the neutral 



gauge boson with the emission of light scalars, 

Z^p + J, (5) 



now ruled out by LEP measurements of the invisible Z width [pJ]] . 

However it has been recently shown that a sizeable majoron-neutrino coupling 
leading to observable emission rates in neutrinoless double beta decay can be recon- 
ciled with the LEP results in models where the majoron is an isosinglet and lepton 
number is broken at a low scale |T^. An alternative possibility was discussed in ||13|| . 
This is specially interesting now in view of the puzzling features recently hinted in 
some double beta decay experiments, which might indicate the presence of very light 
scalars [III . 



In addition to laboratory limits, there is a cosmological bound that follows 
from avoiding the overabundance of relic neutrinos W5 



^m,, <50eV (6) 

i 

This limit is also model-dependent, as it only holds if neutrinos are stable on cosmo- 
logical time scales. There are many ways to make neutrinos decay in such a way as to 
avoid eq. (^) |T|. The models rely on the existence of fast neutrino decays involving 
the emission of a superweakly interacting spin zero particle, called majoron, 

Vr + J (7) 

The resulting lifetime can be made sufficiently short so that neutrino mass values as 
large as present laboratory limits are fully consistent with astrophysics and cosmology. 
Lifetime estimates in seesaw type majoron models have been discussed in ref. . 
Here I borrow the estimate of ref. ITT 



Curve C in Fig. (g) shows allowed v-j- decay lifetimes as a function of the 
Vr mass. Comparing with the v-r decay lifetime needed in order to efficiently suppress 
the relic z/^ contribution one sees that the theoretical lifetimes can be shorter than 



related light scalar boson p should also be emitted. 
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Figure 4: Estimated Vr lifetime versus observational limits. The solid line gives the 
lifetime required in order to suppress the relic Vr contribution. The dashed line is 
suggested from galaxy formation. 



required. Moreover, since these decays are invisible^ they are consistent with all 
astrophysical observations. 

If, however, the universe is to have become matter-dominated by a redshift of 
1000 at the latest (so that fluctuations have grown by the same factor by today), the 
Vr lifetime has to be even shorter [Q, as indicated by the dashed line in Fig. @. 
Again, lifetimes below this line are possible. However, this lifetime limit is less reliable 
than the one derived from the critical density, as there is not yet an established theory 
for the formation of structure in the universe. 

Recently Steigman and collaborators have argued that many values of the 
mass can be excluded by cosmological big-bang nucleosynthesis, even when it de- 
cays ||19[. This, however, still leaves open a wide region of theoretically interesting 
Vt lifetime-mass values for which the searches for the new phenomena suggested here 
are meaningful. As a result, any effort to improve present limits on neutrino masses is 
definitely worthwhile. These include experiments searching for distortions in the en- 
ergy distribution of the electrons and muons coming from decays such as tt, — > ez/, 
n^K fiu, as well as in nuclear /3 decays pO|] . 

In addition to limits, observation also provides us with some positive hints 
for neutrino masses. These follow from cosmological, astrophysical and laboratory 
observations which I now discuss. 
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Figure 5: Region of neutrino oscillation parameters allowed by experiment 



Recent observations from large scale data by the COBE satellite, when com- 
bined with smaller scale observations (cluster-cluster correlations) indicate the need 



for the existence of a hot dark matter component, with VLhdm ~ 0.3 For this 
the most attractive particle candidate is a massive neutrino , such as a stable Vj. of 
a few eV mass. This suggests the possibility of having observable z/g to Pr or z/^ to 
Vr oscillations in the laboratory. With good luck the next generation of experiments 
such as CHORUS and NOMAD at CERN and the P803 experiment proposed at Fer- 
milab will probe this possibility p2| . 

Second, the solar neutrino data collected up to now by the two high-energy 
experiments Homestake and Kamiokande, as well as by the low-energy data on pp 
neutrinos from the SAGE and GALLEX experiments still pose a persisting puzzle 

The astrophysical explanation of the high energy data data would require not only 
too large a drop in the temperature of the solar core, but would also predict wrongly 



the relative degree of suppression observed in Kamiokande and Homestake |]25[. For a 



quantitative analysis see ref . . The most attractive way to account for the data is 
to assume the existence of neutrino conversions involving very small neutrino masses 
< 10^^ eV (MSW mechanism |^^). The region of parameters allowed by present 
experiments is illustrated in Fig. (H) (for recent analyses, see ref. [^). Note 
that the fits favour the non-adiabatic over the large mixing solution, due mostly to 
the larger reduction of the Be flux found in the small angle region. 

Finally, there are hints for neutrino masses from studies involving atmospheric 
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neutrinos. Although the predicted absolute fluxes of neutrinos produced by cosmic- 
ray interactions in the atmosphere are uncertain at the 20 % level, their ratios are 
expected to be accurate to within 5 % [^. Present observations of contained events 



by Kamiokande and 1MB, as well as preliminary Soudan 2 data indicate the existence a 



muon deficit |31| . Such deficit would suggest the existence of neutrino oscillations 
of the type to , where is u^. , or us , a. sterile neutrino. However, no 
deficit has been established in the studies of up-going muons performed by Baksan 
and 1MB Recent analyses of total fluxes at 1MB combined with the studies 

of the stopping/passing muon ratio can be used to severely constrain the oscillation 
parameters, apparently excluding oscillations of to z/^ with maximal mixing, as 
expected in some theoretical models. Similar analyses have also been performed 
for the case of to z/5 as well as z/^ to z/e channels, where matter effects play an 



important role [32 



Taken at face value, the above astrophysical and cosmological observations 
suggest an interesting theoretical puzzle, if one insists in trying to account for all three 
observations on solar, dark matter and atmospheric neutrinos within a consistent 
theory. Indeed, it is not possible to reconcile these three observations simultaneously 
in a world with just the three known neutrinos . In order to fit all the data a fourth 
neutrino species is needed and, from the LEP data on the invisible Z width, we know 
that such fourth neutrino must be of the sterile type us ■ 

Two basic schemes have been suggested in which the us either lies at the dark 
matter scale (heavy z/5 [Q) or, alternatively, at the MSW scale (light z/5 0). In the 



first case the atmospheric neutrino puzzle is explained by z/^ to us oscillations, while 
in the second it is explained by z/^ to u^- oscillations. Correspondingly, the deficit 
of solar neutrinos is explained in the first case by z/g to z/,- oscillations, while in the 
second it is explained by z/g to z/5 oscillations. In the latter case the limits from big- 
bang nucleosynthesis can be used to single out the nonadiabatic solution uniquely. In 
both cases it is possible to fit all observations together. However, in the heavy i>s case 
there is a clash with the bounds from nucleosynthesis while, in the case of light us , 
since the mixing angle characterizing the to oscillations is nearly maximal, the 
solution is in apparent conflict with the most recent combined analyses. 

In short, neutrino masses, besides being suggested by theory, seem to be re- 
quired to fit present astrophysical and cosmological observations. 

How could they manifest themselves at the laboratory? 

2. Rare Decays: /i, r and Z 



Many lepton flavour violating (LFV) decays such as /i — 67, which are exactly 
forbidden in the standard model, can exist if neutrinos are massive and, in some cases, 
even if not! The possible detection of such decays, like that of neutrino oscillations, 
would definitely signal new physics, closely related with the properties of the neutrinos 
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and the leptonic weak interaction. 

Neutrino masses can be induced in many ways without the need to introduce 
any new lepton, such as right-handed neutrinos, and no new superheavy mass scales, 
much larger than that of the electroweak theory. In this simplest case there can 
be large rates for lepton flavour violating decays. This is the typical situation in 
many models with radiative mass generation [^, |3^. For example, in the models 
proposed to reconcile present hints for neutrino masses there can be large rates for 
lepton flavour violating muon decays — > 67 and fj, 3e, or for the corresponding 
tau decays. The first may easily lie within the present experimental sensitivities, 
while the latter may lie at the level 10~^ to 10~^ in branching ratio [^, 0. 

Alternatively, one may assume that neutrino masses arise at the tree level, 
due to the exchange of some hypothetical neutral heavy leptons (NHLS) In the 
simplest models of seesaw type the NHLS are superheavy, unless fine-tunings 
are allowed [^. However, in other variants |^ this is not the case. While in 
the minimal case the expected rate for LFV processes is expected to be low, due 
to limits on neutrino masses, in other models |^D|-^^ this suppression need not be 



present. As shown in Fig. (Jg), taken from ref. |^^, present constraints on weak 
universality violation allow for decay branching ratios as large as O{10~^) for some of 
these processes. The solid line corresponds to the attainable branching for the decay 
I — >• klflj, the dashed line corresponds to r ^ vr"/,, the dotted line to r — >• r]li and 
the dash-dotted line to r ^ li'j. Here k denotes e or and all possible final-state 
leptons have been summed over in each case. As one can see, the most favorable of 
all the r decay channels are r — > 67 and r — » evr", the first being dominant for lower 
NHL masses in the 100 GeV to 10 TeV range. 

In addition to these rare decays, there can be others, more closely related 
to the masses of the neutrinos. In any model where neutrino masses arise from the 
spontaneous violation of an ungauged lepton number symmetry there result, 
a physical Goldstone boson, called majoron. In order for its existence to be con- 
sistent with the measurements of the invisible Z decay width at LEP, the majoron 
must be a singlet under the SU{2) ® U{1) gauge symmetry. Although the original 
majoron proposal was made in the framework of the minimal seesaw model, and re- 
quired the introduction of a relatively high energy scale associated to the mass of 
the right-handed neutrinos [^, there is no need for this at all. There is a vast class 
of models where the lepton number is broken close to the weak scale and which can 
produce a new class of lepton flavour violating decays. These include single majoron 
emission in fi and r decays, which would be " seen" as bumps in the final lepton energy 
spectrum, at half of the parent lepton mass in its rest frame. 

I will now briefly mention, as an example of this situation, the models where 
supersymmetry is realized in a SU{2) U{1) context in such a way that R parity 



is broken spontaneously close to the weak scale |46]. This model (called RPSUSY 



for short) contains a majoron, as the spontaneous violation of R parity requires the 
spontaneous violation of the continuous lepton number symmetry. This majoron is 
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Figure 6: Maximum estimated branching ratios for lepton flavour violating r decays 
consistent with lepton universality. These processes may occur even if neutrinos are 
strictly massless. 



consistent with LEP, as it is mostly an SU(2) ® U{1) singlet. Its existence leads 
to single majoron emitting r decays, whose allowed emission rates have been de- 
termined by varying the relevant parameters over reasonable ranges and imposing 
the observational constraints. The result is illustrated in Fig. taken from ref. 
47| 0. One sees that these majoron emitting r decay modes may occur at a level 



10~^ in branching ratio, which lies close to the present limit [Q. An important role 
is played by constraints related to flavour and/or total lepton number violating pro- 
cesses such as those arising from negative neutrino oscillation and neutrinoless double 
j3 decay searches, as well as from the failure to observe secondary peaks in weak de- 
cays, e.g. vr, if — i> £z/, with £ = e or /i. Similar results hold for the case of the decay 
r — i> /i + J, in which case the attainable branching ratio may even exceed 10~^. For 
muon decays the branching ratios may reach 10~^ | |47| ] . 

The sensitivities of the planned tau and B factories to these decay modes 



have been recently studied and are summarized in table 1, from ref. |^9|]. One sees 
that these sensitivities compare well with the theoretical expectations, summarized 
in table 2. In particular, the planned tau factories are quite sensitive to the majoron 
emitting decays, especially in schemes with monocromator. 

The physics of rare Z decays beautifully complements what can be learned 
from the study of rare LFV r lepton decays. For example, the exchange of isosinglet 



■^The curves are for different values of tan/3, a SUSY model parameter expected to lie between 
one and the top-bottom quark mass ratio. 
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Figure 7: Branching ratios for lepton flavour violating r decays with majoron emission 
consistent with observation in the RPSUSY model. 



Tabic 1: Attainable limits for the branching ratios of different r decays in a r-charm 
Factory and a B Factory for one year run. 



channel 


tcF 


BF 


T — > e J 


10"^ (standard-optics) 
IQ-^ (monochromator) 


5 X 10-3 


T /iJ 


10-3 

10-^ (RICH) 


5 X 10-3 


T —>■ ej 
T ^ //7 


10-^ 


10-6 


T — > /I/III 

T — > iiee 


10-7 


10-7 


T efifi 






T — >• eee 
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Table 2: A summary of estimated rare r decay branching ratios consistent with 
observation. The processes in the upper box involve majoron emission, while the 
ones below are induced by neutral heavy leptons. 



channel 


strength 


r — > /i + J 


~ 10-3 


r ^ e + J 


~ 10-^ 


r ^ 67, /i7 


~ 10-6 


r e7r°, yuvr*^ 


~ 10-6 


r — > er7°, /ir]" 


~ 10-6 - 10-^ 


r — s> 3e, 3/i, /i/ie, ete. 


~ 10-6 - 10-^ 



neutral heavy leptons can induce new Z decays such as 0, 

Z^e + T,Z^N^ + Ur (8) 

Taking into account the constraints on the parameters describing the leptonic weak 
interaction one can estimate the attainable values for these branching ratios given in 
table 3. The most copious channel is Z ^ , possible if the Nj. is lighter than 



the Z This decay follows from the off-diagonal neutral currents characteristic 



of models with doublet and singlet lepton |5^. Subsequent Nr decays would then 



give rise to large missing energy events, called zen-events. There are now good limits 
on such decays from the searches for acoplanar jets and lepton pairs from Z decays 
at LEP |51|]. The method of experimental analysis is similar to that used in SUSY 



zen-event searches. 

If > Mz then N^. can not be directly produced at LEPl but can still 

mediate rare Lfv decays such as Z er or Z ^ /ir through virtual loops. Under 
realistic luminosity and experimental resolution assumptions, it is unlikely that one 
will be able to see these processes at LEP ||5^. In any case, there have been dedicated 



searches for flavour violation at the Z peak at LEP, and some limits have already been 
obtained |^T|. In contrast, the related low energy processes lie within the expectations 
of a r or i? factory. 



*There may also be CP violation in lepton sector, even when the known neutrinos are strictly 
massless The corresponding decay asymmetries can be of order unity with respect to the 

corresponding LFV decays . 
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Table 3: Maximum branching ratios for rare Z decays, where A^,- denotes an isosinglet 
neutral heavy lepton, while x denotes the lightest chargino (electrically charged SUSY 
fermion) and x° is the lightest neutralino. 



channel 


strength 


Z ^NrVr 

Z ^ er 
Z ^ fir 


~ 10-3 
~ 10-^ - 10-7 
~ 10-7 


z 


~ 6 X 10"^ 
10-^ 



Another rare Z decay, characteristic of the RPSUSY model, is the single pro- 



duction of the lightest chargino |17, 53 



XT 



(9) 



where the lightest chargino mass is assumed to smaller than the Z mass. As shown in 
Fig. (|]), the allowed branching ratio lies close to the present LEP sensitivities. The 
search for this decay mode is now underway by the L3 collaboration fS^ . Similarly, the 
lightest neutralino could also be singly-produced as Z ^ X^^t Being unstable 



due to R parity violation, x° is not necessarily an origin of events with missing energy, 
since some of its decays are into charged particles. Thus the decay Z — x^^t would 
give rise to zen events, similar to those of the minimal supersymmetric standard model 
(MSSM), but where the missing energy is carried by the Vr ■ Another possibility for 
zen events in RPSUSY is the usual pair neutralino production process, where one 
X° decays visibly and the other invisibly. The corresponding zen-event rates can 
be larger than in the MSSM. Their origin is also quite different, being tied with 
the nonzero value of the Vr mass. Moreover, although the Vr can be quite massive, 
the z/g and z/^ have a tiny mass difference, that can be chosen to lie in the range 
where resonant Ve to conversions provides an explanation of solar neutrino data. 
Due to this peculiar hierarchical pattern, one can go even further, and regard the 
rare R parity violating processes as a tool to probe the physics underlying the solar 
neutrino deficit in this model Indeed, the rates for such rare decays can be used 
in order to discriminate between large and small mixing angle MSW solutions to the 
solar neutrino problem. Typically, in the nonadiabatic region of small mixing one can 



have larger rare decay branching ratios, as seen in Fig. 5 of ref. |B5 



Finally, it is possible to find manifestations of massive neutrinos even at the 
superhigh energies available at hadron supercolliders LHC/SSC. An example has been 
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Figure 8: Branching ratios for single chargino production in Z decays may exceed 
10~^ above A and 10~^ above B. 

discussed in the RPSUSY model, i.e. the possible single production of supersymmetric 



fermions 56 



The above examples illustrate how the search for rare decays can be a more sen- 
sitive probe of neutrino properties than the more direct searches for neutrino masses, 
and therefore complementary. 

3. Invisible Higgs Decays 



Another possible manifestation, admittedly quite indirect, of models with mas- 
sive neutrinos is in the Higgs sector. There is, in fact, a very wide class of such 
models where neutrino masses are induced from the spontaneous violation of a 
global \J (1) lepton number symmetry by an 5*^/(2) (8) singlet vacuum expectation 
value (a). These extensions of the minimal standard model may naturally explain 
the neutrino masses required by present astrophysical and cosmological observations. 

In all of these models (cr) lies close to the electroweak scale. Unlike the seesaw 



majoron case [^, such a low scale for the lepton number violation is preferred since, 
in these models, ^ as (a) —>■ 0. As a result, a relatively low value of (cr) is 
required in order to obtain naturally small neutrino masses, either at the tree level 
or radiatively 0. 



^Another example is provided by the RPSUSY models |5S 
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Another cosmological motivation for low-scale majoron models has been given 



in ref. ||59|| . 



In such low-scale models the majoron has significant couplings to the Higgs 
bosons, even though its other couplings are suppressed. This implies that the Higgs 
boson will decay with a substantial branching ratio into the invisible mode |]57| , |60 | 



J + J (10) 

where J denotes the majoron. The presence of this invisible Higgs decay channel can 
affect the corresponding Higgs mass bounds in an important way, as well as lead to 
novel search strategies at higher energies, such as at hadron supercolliders LHC/SSC 
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The production and subsequent decay of any Higgs boson which may decay 
visibly or invisibly involves three independent parameters: the Higgs boson mass Mh, 
its coupling strength to the Z, normalized by that of the standard model , call this 
factor e^, and the invisible Higgs boson decay branching ratio. 

The results published by the LEP experiments on the searches for various 
exotic channels can be used in order to determine the regions in parameter space that 
are ruled out already. The procedure was described in [|^. For each value of the 



Higgs mass, the lower bound on e^, as a function of the branching ratio BR{H 
visible) can be calculated. The highest such bound for BR{H visible) in the range 
between and 1, provides the absolute bound on as a function of M^- 

For a Higgs of low mass (below 30 GeV) decaying to invisible particles one 
considers the process Z — > HZ*, with Z* —>■ e'^e~ or Z* — > and the combined 

the results of the LEP experiments on the search for acoplanar lepton pairs [65, 36 , ^ 



which found no candidates in a total sample corresponding to 780.000 hadronic Z 
decays. The efficiencies for the detection of the signal range from 20% at very low 
Higgs masses to almost 50% for = 25 GeV. 

For higher Higgs masses the rate of the process used above is too small, and 
one can use instead the channel Z HZ*, Z* —>■ qq. Here the results of the searches 
for the Standard Model Higgs in the channel Z Z*Hsm, with Hsm qq and 
Z vv, can be adapted from ref. [^. The efficiency of these searches for an 
invisible Higgs increases from 25% at Mh = 30 GeV to about 50% at Mh = 50 GeV. 

For visible decays of the Higgs boson its signature is the same as that of the 
Standard Model one, and the searches for this particle can be applied directly. For 
masses below 12 GeV the results of a model independent analysis made by the L3 
collaboration can be taken over (ref. |^). For masses between 12 and 35 GeV one 
combines the results from references [BSl |6^, B9i; finally for masses up to 60 GeV one 



uses the combined result of all the four LEP experiments given in reference [Q. In 
all cases the bound on the ratio BR{Z ZH)/BR{Z ZHsm) can be calculated 
from the quoted sensitivity, taking into account the background events where they 
existed. 
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Figure 9: Region in the vs. rriH that can be excluded by the present LEPl analyses, 
independent of the mode of Higgs decay, visible or invisible (solid curve). Also shown 
are the LEP2 extrapolations (dashed). 



Proceeding this way the exclusion contours in the plane vs. BR{H 
visible) can be determined for each particular choice for the Higgs mass. The two 
curves corresponding to the searches for visible and invisible decays can be combined 
to give the final bound on e^, independently of the value of BR{H visible) (see 
Fig. 1 of ref. [Q.) Repeating this operation for different Higgs boson masses one 
can make an exclusion plot, shown in Fig. (|^), of the region in vs. Mh that 
is already excluded by the present LEP analyses, irrespective of the mode of Higgs 
decay, visible or invisible Finally, one can also determine the additional range 
of parameters that can be covered by LEP2 for a total integrated luminosity of 500 
pb^^ and centre-of-mass energies of 175 GeV and 190 GeV. This is shown as the 
dashed and dotted curves in Fig. (^. The results on the visible decays of the Higgs 
are based on the study of efficiencies and backgrounds in the search for the Standard 
Model Higgs described in reference |]70[. For the invisible decays of the Higgs the only 



channel considered was HZ with Z — >■ e~^e~ ox Z ^ (J'~^fJ'~, giving a signature of two 
leptons plus missing transverse momentum. The requirement that the invariant mass 
of the two leptons must be close to the Z mass can kill most of the background from 
WW and 77 events; the background from ZZ events with one of the Z decaying to 
neutrinos is small and the measurement of the mass recoiling against the two leptons 
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allows to further reduce it, at least for Mh not too close to Mz- Hadronic decays of 
the Z were not considered, since the background from WW and Wev events is very 
large, and b-tagging is much less useful than in the search for ZHsm with Z — >■ vv, 
since the Zhh branching ratio is much smaller than Hhh in the standard model. 

The possibility of invisible Higgs decay is also very interesting from the point of 
view of a linear e^e~ collider at higher energy Heavier, intermediate-mass, Higgs 



bosons can also be searched at high energy hadron supercolliders such as LHC/SSC 



32, 61, 33|. The limits from LEP discussed above should serve as useful guidance for 



such future searches. 

4. Electroweak Baryogenesis? 



The requirements necessary in order to generate the cosmological baryon asym- 
metry were put forward in a pioneer paper by Sakharov in 1967. The conditions on 
the processes responsible for creating this asymmetry are : (i) CP-violation, (ii) B 
violation and (ii) out of equilibrium conditions W%. The observation that nonpertur- 



bative B violating electroweak effects can be substantial at high temperatures, 
as expected to hold in the early universe opens the possibility of baryogenesis at the 
weak scale [Q. In fact, even if the baryon asymmetry is due to physics at superhigh 
scales, it may be washed out during the electroweak phase transition, as stressed by 
Shaposhnikov and others 



ra, 1751, fra, fTI 



Although the exact details are still the 
subject of controversy, there is now a consensus that, for reasonable choices of the 
Higgs boson mass, the transition can be first order, as required. However, in order to 
prevent that this baryon asymmetry be washed out during the phase transition one 
requires 

mu < 40GeV (11) 

Unfortunately this upper bound on the Higgs boson mass required for successful 
baryogenesis is in conflict with the recent combined lower limit obtained from LEP 
Q, i.e. 

tuh > 60GeV (12) 

The possibility of completely evading the experimental Higgs boson mass limit 
in low-scale majoron models is vividly illustrated by Fig. (|^). One sees that, as long 
as is sufficiently low (which is theoretically natural) the Higgs boson could still 
have a very low mass. Another drastic example of this same phenomenon was found 
"empirically" in the RPSUSY model of ref. [^. This observation reopens the issue of 
whether baryogenesis can be just another phenomenon within the electroweak sector 
of the fundamental theory . 



Other possible ways whereby models of neutrino mass may avoid the conflict 
between eq. (|Tl|) and eq. (|12|) were also suggested in ref. |]78| . They share in common 



the idea that perhaps neutrino physics may underlie the mechanism responsible for 
generating the baryon excess. One question which still remains open, however, is 
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whether these low-scale majoron models can provide, on their own, a viable baryo- 
genesis model. For completeness I mention that there have been other attempts to 
resolve the clash between eq. (^TJ) and eq. (|12|) by extending the Higgs sector in ways 



unrelated to neutrino physics |79 
5. Conclusion 



Present cosmological and astrophysical observations, as well as theory, suggest 
that neutrinos may be massive. Existing data do not preclude neutrinos from being 
responsible for a wide variety of measurable implications at the laboratory. These new 
phenomena would cover an impressive region of energy, from weak decays, such as jS 
and double P decays, to neutrino oscillations, to rare processes with lepton flavour 
violation, from nuclear /le conversions and rare muon decays, to tau decays, to Z 
decays. Indeed, it is rather amazing that neutrino masses might affect even the 
electroweak symmetry breaking sector in an important way. 

The next generation of experiments such as those looking for spectral dis- 
tortions in weak decays, experiments with enriched germanium looking for signs of 
neutrinoless double f3 decays, neutrino oscillation searches sensitive to as dark mat- 
ter (CHORUS/NOMAD/P803), e+e" collisions from ARGUS/CLEO, to TCF/BMF 
(tau-charm and B factories), to LEP; and finally even the next decade hadron super- 
colliders LHC/SSC could all be sensitive to neutrino properties! 

It is therefore quite worthwhile to keep pushing on the cosmological and astro- 
physical front with solar neutrino experiments such as the gallium-germanium SAGE 
and GALLEX experiments, as well as Superkamiokande, Borexino, Sudbury and the 
proposed HELLAZ solar neutrino project. The same can be said of the ongoing stud- 
ies with atmospheric neutrinos. 

Similarly, a new generation of experiments capable of more accurately measur- 
ing the cosmological temperature anisotropics at smaller angular scales than COBE, 
would be good probes of different models of structure formation, and presumably shed 
further light on the need for hot neutrino dark matter. All such endeavours should be 
gratifying. After all, neutrinos might even be related to the observed baryon excess! 
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